Abstract Exosomes are small membrane vesicles of endocytic origin with a size of 50-100 nm. They can contain microRNAs, mRNAs, DNA fragments, and proteins, which are shuttled from a donor cell to recipient cells. Many different cell types including immune cells, mesenchymal cells, and cancer cells release exosomes. There is emerging evidence that cancer-derived exosomes contribute to the recruitment and reprogramming of constituents associated with tumor environment. Here, we discuss different mechanisms associated with biogenesis, payload, and transport of exosomes. We highlight the functional relevance of exosomes in cancer, as related to tumor microenvironment, tumor immunology, angiogenesis, and metastasis. Exosomes may exert an immunosuppressive function as well as trigger an anti-tumor response by presenting tumor antigens to dendritic cells. Exosomes may serve as cancer biomarkers and aid in the treatment of cancer.
Introduction
Malignant tumors are complex structures that consist of cancer cells and the surrounding tumor stroma [1] . A continuous cross-talk between cancer cells and local/distant host environment is required for effective tumor growth and systemic dissemination [2] . Emerging evidence suggests that exosomes may play a pivotal role in local and systemic cell-cell communication in cancer. Exosomes were described by Trams and colleagues, who observed that cultures from various normal and neoplastic cell lines produced vesicles with 5′-nucleotidase activity, which reflected the ecto-enzyme activity of the parent monolayer culture. Inside larger vesicles, they observed a second population of vesicles about 40 nm in diameter, which they termed exosomes [3] . Further publications revealed that exosomes are small membrane vesicles of endocytic origin with a size of 40-100 nm. They contain microRNAs (miRNAs), messenger RNAs (mRNA), DNA fragments, and proteins. Exosomes can be shuttled from a donator cell to recipient cells [4, 5] . There is emerging evidence that cancerderived exosomes may contribute to the recruitment and reprogramming of the tumor microenvironment to form a pro-tumorigenic soil.
Biogenesis of exosomes
In contrast with larger microvesicles, which are directly shed from the plasma membrane, exosomes derive from the intracellular endosomal compartment (Fig. 1a) . They are initially formed by a ceramide-triggered process of inward budding from the limiting membrane of late endosomes [6] . This process encapsulates cytoplasmic RNA molecules and functional proteins into exosomes. In a second step, these multivesicular endosomes (also referred to as multivesicular bodies (MVB)) fuse with the cellular membrane to release exosomes into the extracellular space [3, 7] . Multivesicular endosome biogenesis is regulated by the "endosomal sorting complexes required for transport" (ESCRT), although alternative pathways may also exist [8] . The ESCRT complex recognize ubiquinated membrane proteins and promote their internalization into the multivesicular endosome [9] . The secretion of exosomes is promoted by the Rab GTPases 27a and 27b and can be triggered by hypoxiaoften encountered in tumors [10] [11] [12] [13] [14] . The mechanism associated with packaging of exosomes content still remains elusive. A comparison of the exosomes composition with their parental cells indicates a selective enrichment process within the exosomes [15] [16] [17] . Skog et al. [17] performed a microarray analysis of mRNA in exosomes and their donor glioblastoma cells. They found 3,426 transcripts that are present at different in exosomes and their donor cells, with many genes showing a fivefold difference. Likewise, the expression profile of microRNAs between exosomes and their parent cancer cells displays a different pattern in bladder cancer and gastric cancer [15, 16] . These studies further emphasize the assumption that there is a specific sorting of mRNAs and miRNAs into exosomes and not just a random event. The specific packing of exosomes may help cancer cells to discard tumor suppressive microRNAs, thus increasing the capacity oncogenic potency of cancer cells [16] .
Exosomes from different cell types contain a core set of identical proteins. These include members of the tetraspanin family (CD9, CD63, CD81, and CD82), members of the ESCRT complex (TSG101, Alix) and heat shock proteins (Hsp 60, Hsp70, Hsp90) [18] . Apart from these protein, exosomes also contain some specific proteins reflective of the parental cell. Epithelial tumor cells secrete exosomes carrying the epithelial cell adhesion molecule (EpCAM) [19, 20] . Melanoma-derived exosomes contain the tumorassociated antigen Mart-1 [21, 22] . Exosomes from gastric cancer, breast cancer, or pancreatic cancer express members of the human epidermal receptor (HER) family [23] [24] [25] .
Exosome uptake in recipient/target cells
The uptake of exosomes occurs in a non-random process and is dependent on transmembrane proteins [26] . Recent studies indicate that the tetraspanin-integrin complex contributes considerably in targeting enabling the binding of exosomes to target cells [27, 28] . Moreover, a proinflammatory environment may enhance the expression of receptor molecules such as ICAM-1 on the membrane surface, which increases the exosomes' adhesion to the target cells [29] . The subsequent mechanism/s associated with exosomes' internalization is still poorly understood. The presence of the T cell receptor/CD3 complex and the chemokine receptor CXCR4 on exosomes of T cells suggests a juxtracrine signaling through receptor-ligand interactions (Fig. 1b) [30] . Moreover, exosomes can fuse with the cell membrane of target cells, which results in a direct release of their cargo into the cytoplasm (Fig. 1c) [29, 31] . Cellular internalization of exosomes can occur by phagocytosis in an actin-cytoskeleton and phosphatidylinositol 3-kinasedependent manner (Fig. 1d) [26] . Additional studies are required to clarify how exosomes are directed to the target cells in cancer and whether the cell-specific composition of exosomes results in organotropism associated with metastatic disease.
Functional relevance of exosomes in cancer
Exosomes can have a bimodal role in cancer. They can manipulate the local and systemic environment to aid in cancer growth and dissemination (Fig. 2) . Exosomes may also program the immune system to elicit an anti-tumor response. Exosomes in tumors are heterogenous and secreted by all the cells, and this leads to a network of interactions that are likely complex.
Exosomes mediated transfer of oncogenic proteins between cancer cells
Via exosomes' mediated transfer, tumor cells exchange proteins with oncogenic activity. The functional purpose for this is still largely undetermined. A mutant epidermal growth factor receptor (known as EGFRvIII), residing on the exosome membrane derived from glioma cells, can be delivered to cells lacking this mutant form [32] . The integration of EGFRvIII into these cells leads to an augmented expression of anti-apoptotic genes and an increase in anchorage independent growth capacity [32] . Colon cancer cells harboring only mutant KRAS alleles are capable of releasing exosomes with mutant KRAS proteins [33] . The mutant isoform is internalized by colon cancer cells expressing the wild-type KRAS. The exosomes' mediated exchange of mutant KRAS induces enhanced cell growth and tumorigenicity [33] . Preliminary results suggest that exosomes' mediated transfer of proteins between cancer cells can lead to chemoresistance [34] . Exosomes from two docetaxelresistant prostate cancer cell lines can confer chemoresistance to non-resistant prostate cancer cell lines via exosomes' mediated transfer of drug transporter, MDR-1 [34] . Further validation in mouse models is required. However, these observations represent a new paradigm of how malignant cells may increase their tumorigenic potential and develop chemoresistance via exosomes.
Exosome-mediated modulation of the tumor microenviroment and angiogenesis Exosomes from prostate cancer cells and mesothelioma cell lines contain TGF-β1 protein, which is transferred to Fig. 2 Functional relevance of exosomes in cancer. Tumorderived exosomes can alter local and systemic microenvironment. By transferring oncogenic proteins and multidrug transporters, they can facilitate cancer cell proliferation and chemoresistance. Fibroblasts are converted into myofibroblasts, which are a key source of matrixremodeling proteins within the tumor microenvironment and participate in tumor angiogenesis. Endothelial cells are activated to support tumor angiogenesis. In the systemic environment, exosome-mediated signaling results in the recruitment of bone marrowderived hematopoetic cells in order to form a pre-metastatic niche in distant organs. Tumorderived exosomes interact with myeloid-derived cells to suppress the anti-tumor immune response recipient cells in a biologically active form [35] . In vitro experiments have shown that TGF-β1 expressing exosomes can trigger the differentiation of fibroblasts to myofibroblasts [35] . Exosomes from breast cancer cells can convert adipose tissue-derived mesenchymal stem cells into myofibroblasts via a SMAD-mediated pathway [36] . Myofibroblasts are a key source of matrix-remodeling proteins within the tumor microenvironment and participate in tumor angiogenesis [37] . In this regard, tumor exosome-induced recruitment of fibroblasts could support tumor angiogenesis. Furthermore, cancer cells transfer membrane-bound EGFR to endothelial cells via exosomes [38] . This transfer activates the autocrine VEGF/VEGFR-2 pathway in endothelial cells and likely supports tumor angiogenesis. Moreover, melanoma-derived exosomes can deliver microRNA-9 (miR-9) into endothelial cells [39] . The uptake of miR-9 into endothelial cells promotes endothelial cell migration in vitro and can affect tumor angiogenesis in vivo [39] .
Jung et al. [40] show for the first time how cancerassociated exosomes participate in the formation of the pre-metastatic niche in a rodent pancreatic cancer model. Grange et al. [41] have reported that CD105-positive renal carcinoma cells secrete exosomes, which activate endothelial cells to organize capillary-like structures on Matrigel and induce enhanced chemoresistance in vitro. Moreover, this study revealed that CD105-positive exosomes contribute in establishing a pre-metastatic niche in the lung microenvironment of SCID mice by upregulating MMP2, MMP9, and VEGFR1 [41] . Similarly, another study has shown that melanoma-derived exosomes enhance the lung endothelial permeability and increase lung metastases in mice [11] . In the same study, Peinado et al. demonstrated that melanoma cell-derived exosomes are capable of recruiting bonemarrow derived cells to initiate a pre-metastatic niche. Collectively, these studies indicate that tumor-derived exosomes play a crucial role in manipulating the tumor microenvironment for the benefit of cancer cells. Intercellular communication via exosomes is a reciprocal and not unidirectional between cancer cells and cancer-associated stroma. Luga et al. [42] show that fibroblast-derived exosomes, which are positive for the tetraspanin Cd81, activate an autocrine Wntsignaling pathway in breast cancer cells to facilitate migration. The exosome-induced stimulation of the Wnt-pathway was associated with increased protrusive activity, motility, invasion, and lung metastasis in an orthotopic mouse model of breast cancer.
Modulation of immune system by cancer-derived exosomes
Cancer cells recruit immune cells to enhance tumor invasion, tumor angiogenesis, and dissemination [43] . Exosomemediated communication between tumor cells and the immune system is involved in recruiting pro-tumorigenic immune cells. In a murine breast cancer model, 4T1 cancer cells release exosomes in a Rab27a-dependent manner [12] . Blockade of exosome secretion by inhibiting Rab27a is associated with a decreased mobilization of neutrophils. Such impairment results in a decreased primary tumor growth and lung metastasis. MicroRNAs in lung cancerreleased exosomes can silence the transcripts associated with Toll-like receptor (TLR) family in macrophages [44] . This mechanism stimulates macrophages to secrete proinflammatory cytokines, which supports enhanced tumor dissemination. Cancer cells are capable of inhibiting antitumor functions of the host immune system via an exosomeinduced signaling. Chalmin et al. [45] show that tumorderived exosomes activate myeloid-derived suppressor cells (MDSC). MDSCs exert immunosuppressive functions in cancer by suppressing the T cell response [46] . Chalmin and colleagues [45] found that tumor-derived exosomes from different cancer cell lines induce interleukin-6 (IL-6) production in MDSCs through the activation of the Toll-like receptor 2 via the membrane-associated heat shock protein 72 (Hsp72). IL-6 production results in an autocrine phosphorylation of Stat3 in MDSCs, which promotes their immunosuppressive effect. Further studies have revealed that tumor-derived exosomes express Fas ligand [47] [48] [49] . Fascontaining exosomes can elicit immunosuppressive effect by inducing apoptosis in tumor-reactive CD8 + T lymphocytes [49, 50] . Cancer cells are able to release exosomes that stimulate the expansion of regulatory T (Treg) cells [49, 51] . Tregs cause immunosuppression in the tumor microenvironment by impairing the function of anti-tumorigenic T cells [52] . Cancer-derived exosomes modulate the immune systems by triggering the immunosuppressive response, which in turn favors tumor progression.
Tumor-derived exosomes as a source of antigens associated with tumor rejection
Several studies have demonstrated that exosomes can transport antigens from tumor cells to antigen presenting dendritic cells [22, 53, 54] . Via MHC-I molecules, dendritic cells' prime cytotoxic T lymphocytes evoke an anti-tumor response and suppress tumor growth in vivo [53] . Moreover, exosomes from pancreatic cancer cells and hepatocellular carcinoma cell lines contain heat shock protein 70 (Hsp70) which can directly activate natural killer (NK) cells [55, 56] . As result, NK cells initiate apoptosis in tumors through granzyme B. In accordance with these findings, Elsner et al. [57] have reported that exosomal Hsp70 activates mouse NK cells which is associated with decrease in primary tumor size and metastases in a murine melanoma model. However, there is still an ongoing debate whether tumorderived exosomes are adequate mode of vaccination against cancer cells.
Exosomes in clinical diagnosis and cancer therapy
The use of exosomes in tumor diagnosis Exosomes contain a wide range of RNA molecules and proteins. Therefore, cancer-derived exosomes may provide information about tumor signature. Exosomes are very stable under different storage conditions including short time storage at 4°C for 96 h or long time storage at −70°C [58] . Such characteristics qualify circulating serum exosomes as potential biomarkers to predict cancer burden at an early stage and impact personalized cancer care. For example, a clinical subtype of glioblastoma contains EGFRvIII mutant/variant [17] . The expression of this EGFRvIII mutant/variant is decisive in determining the therapeutic approach for such patients [59] . In this regard, Skog et al. [17] have demonstrated that circulating serum exosomes are positive for this mutant/variant EGFRvIII when the parental glioblastoma cells also expressed this mutant/variant. Therefore, determining EGFR status from a small serum sample derived exosomes instead of a need for primary tumor biopsy that involved invasive brain surgery, is of immense benefit for patients. Such application for circulating serum exosomes in tumor diagnosis have been described for colorectal cancer [19] , ovarian cancer [58] , and melanoma [11] . Silva et al. [19] have reported that high levels of exosomes in plasma of patients with colorectal cancer was significantly associated with poorly differentiated tumors and with decreased overall survival. Patients with ovarian cancer exhibit significantly increased levels of serum exosomes compared to benign disease or healthy controls [58] . A profile between exosome-derived miRNA and corresponding tumor-derived miRNA revealed a dysregulated expression of 43 out of 218 detectable miRNAs [58] . These data point toward a specific selection of miRNAs in tumor-derived exosomes. Apart from serum, exosomes can be detected in further body fluids such as urine or saliva and provide non-invasive diagnostic markers for cancer [60, 61] . Welton et al. [62] have observed some differences in the protein profile of urinary exosomes derived from patients with bladder cancer in comparison with healthy donors. Nilsson et al. [63] have shown that urinary prostate cancer (PCa) exosomes contain mRNA of two distinct biomarkers, PCA-3 and TMPRSS2. Based on their results, the authors suggested that urinary exosomes can be applied for diagnostics and surveillance of prostate cancer [63] .
Taken together, exosome-derived RNA and proteins could serve as a useful tool to classify patients into different risk categories to enable a more tailored cancer therapy.
Exosomes as potential therapeutical target
By releasing exosomes, cancer cells modify the local and systemic environment to support tumor progression and metastasis. Therefore, impairing the secretion of exosomes by cancer cells might constitute a potential target for cancer therapy. Exosome secretion is triggered by an intracellular increase of calcium (Ca 2+ ) [64] . H + /Na + and Na + /Ca 2+ channels regulate the intracellular Ca 2+ concentration and likely control the release of exosomes. Preclinical results have suggested that blocking these channels using dimethyl amiloride (DMA) reduces the secretion of exosomes in CT26 tumor bearing mice [45] . Additionally, DMA blunts Stat3 phosphorylation in MDSCs and their T cell suppressive functions, so specific effects are hard to assign at this point [45] . Exosome-mediated tumor growth can be inhibited by targeting sphingomyelinase 2 with the chemical inhibitor GW4869 [65] . Sphingomyelinase 2 regulates the biosynthesis of ceramide, which triggers the inward budding of exosomes from the limiting membrane of multivesicular endosomes [6] . When lung cancer-bearing mice are treated with GW4869, Fabbri et al. [44] describe significantly lower number of lung metastases. Andre et al. [22] incubate activated dendritic cells (ex vivo) with exosomes from autologous ascites of patients. They observed that in seven out of nine patients with cancer, lymphocytes specific to the tumor could be expanded from peripheral blood cells by pulsing autologous-activated dendritic cells with autologous ascites exosomes. Based on these results, Andre et al. conclude that exosomes could be used as a new source of tumor-rejection antigens in order to immunize patients against cancer. At the present time, two phase I trials have evaluated the feasibility of autologous dendritic cell-derived exosomes as immunotherapuetics in patients with lung cancer and melanoma [66, 67] . Besides, endogenous exosomes or synthetic exosome mimetics such as liposomes could be used to deliver anti-tumor drugs to target cells [68] . Currently, liposomal particles containing doxorubicin or cisplatin are under clinical evaluation for the treatment of different types of cancer [69, 70] . Moreover, biotechnologically engineered exosomes might be used to transfer tumorsuppressive microRNAs into cancer cells in order to inhibit tumor growth [68] . However, in most cases, the specificity of any such approaches remains to be established. Nevertheless, exciting work on exosomes is ahead of us.
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